Abstract: Shell structures are susceptible to various types of imperfections and damage such as cracking, corrosion, chemical attack and time-dependent material degradation, which may impair their structural integrity and affect their service life. The effects of cracks are important considerations in the design of cylindrical shell structures as they influence on load carrying capacity and safety. This present work is a finite element investigation on the vibration, buckling and fracture analysis of a cracked cylindrical shell subjected to a time varying rotating speed. The effects of crack length, orientation of crack and length-diameter ratio of the cylindrical shell are investigated under free-vibration and buckling. The fracture parameters like stress intensity factor and J-integral of the cracked shell are also studied considering the influence of crack length and crack orientation. Results reveal that the crack length and crack orientation can affect the vibration, buckling behaviour of the cylindrical shell significantly.
Introduction
The shape and load carrying capability makes the cylindrical structures well-suited for aerospace structures. Additionally, the cylinders are designed with minimum weight and maximum resistance to various load conditions to reduce costs. Like other types of structures, these shells are susceptible to various types of defect and damage such as cracking, corrosion, chemical attack and time-dependent material degradation, which may impair the structural integrity and affect the service life. Unfortunately, the demand to design thin cylindrical shells and support maximum design loads makes the shells more prone to buckling failure. Further, variations in a cylinder's manufactured dimensions from the design geometry greatly affect determination of the critical buckling load. The aim of the present work is to investigate the vibration, linear elastic buckling and fracture parameters of a cracked cylindrical shell with rotating speed.
Vibration is an important consideration in the design of cylindrical structures because the natural frequencies of the cylindrical shells are clustered in a very narrow band and thus are more prone to be involved in resonant vibrations. To control the amplitudes of these vibrations, it is necessary to know the distribution of natural frequencies, since this allows us to design the cylindrical structures from the view point of optimum vibration control.
Buckling is one of the main failure considerations when designing these structures. The post-buckling analysis of cracked plates and shells indicated that the buckling deformation could cause a considerable amplification of the stress intensity around the crack tip. On the other hand, increasing the load can cause propagation of the local buckling leading to the catastrophic failure of the shell structure.
Traditional concepts do not anticipate the elevated stress levels due to the existence of cracks. Including the effect of flaws with fracture mechanics approaches is becoming common practice in many industries. Fracture mechanics accounts for the cracks or flaws in a structure and describes crack behaviour using concepts from both applied mechanics and material science, because cracks propagate by the combined effect of stress and flaws.
The time-varying rotating speed, which mainly exists in rotor machines such as turbo machine, should also be considered. The rotating speed of a turbo machine which contains blades, disk and shell will not always remain constant and it may be strongly affected by the fluctuations of the density, velocity, pressure of the surrounding fluid and the working state. Thus, it would be more general and physically realistic to consider a time-varying rotational speed for these structures.
Literature review
Researchers have contributed a lot in the field of vibration analysis of the structures. To construct diagnostic relationships between the position and the magnitude of the crack and variations of the dynamic characteristics of cylinders caused by the crack, Javidruzi et al. (2004) studied the dynamic behaviour of a cracked cylindrical shell subject to an in-plane compressive/tensile periodic load. Vaziri and Estekanchi (2006) found that the presence of cracks in cylindrical shells could severely affect the buckling behaviour of structures not only by reducing their load carrying capacity but also by introducing local buckling at the crack region.
Based on the work carried out by Xin and Wang (2011) , the present work deals with the vibration and buckling analysis of cracked cylindrical shell considering the time varying rotating speed and is extended to fracture analysis of cracked cylindrical shell. Murthy et al. (1974) presented numerical solutions for stresses around an elliptical hole in a cylindrical shell subjected to axial tension for both the symmetric orientations of the hole with respect to the shell.
Stresses around large circular holes in uniform circular cylindrical shells were reported by Bull (1982) for loadings of axial compression, torsion and three point bending. De Lorenzi (1982) investigated on the energy release rate and the J-integral for 3D crack configurations. An analytical expression for the energy release rate has been derived and put in a form suitable for a numerical analysis of an arbitrary 3D crack configuration. Sarker et al. (2015) presented a new technique based on the Ritz method for the damage detection of circular cylindrical shell structures. Sander's thin shell theory together with the Ritz method is used to analyse the dynamic behaviour of circular cylindrical shells. Madenci and Barut (2003) studied the influence of an elliptical cutout on buckling response of composite cylindrical shells with non-uniform wall-thickness and non-circular cross-section. Zhu et al. (2011) reported that the SIF can be obtained conveniently by the scaled boundary finite element method (SBFEM) due to the fact that analytical solution can be obtained along the radial direction for stress singularity problems. The J integral can be solved analytically using the formulae between J and K for mixed mode crack with arbitrary inclination in elastic materials. Ifayefunmi et al. (2016) investigated the effect of axial crack length on the buckling behaviour of cracked cylindrical shells subjected to axial compression loading. It was revealed that the buckling load of the cylindrical specimens with high value of radius-to-thickness ratio is more sensitive to the effect of change in crack as compared to cylinder with low value of radius-to-thickness ratio.
From the literature, it is clear that a little work had been reported in the area of analysis of cracked cylindrical shells under the action of time varying rotating speed. The present work deals with the vibration and buckling behaviour of the cracked cylindrical shell with time varying rotating speed and also fracture mechanics is applied to cracked cylindrical shell in order to determine the two fracture parameters vis., stress intensity factor (K) and J-integral using ANSYS 14.5.
Finite element modelling of a cracked cylindrical shell
The finite element model of the perfect cylindrical shell and a cylindrical shell with a crack are designed using CATIA V5 R20 as per the specifications mentioned in the literature (Xin and Wang, 2011) . Figure 1 shows the geometric model of the cracked cylindrical shell with an angle Φ. To validate the model a perfect cylindrical shell is considered (Xin and Wang, 2011) 
Finite element analysis of cylindrical shell
The designed model of perfect cylindrical shell is imported in ANSYS 14.5 workbench for modal analysis in order to validate the model. The finite element model of cracked cylindrical shell is generated by employing the mesh scheme proposed by Javidruzi et al. (2004) and the validity of this meshing scheme for studying the mechanical behaviour are established in his work. The main advantage of this meshing scheme is that mesh element is finer in the vicinity of crack with an element type solid 186 ( Figure 3 ). The clamped cylinder (C-C) type boundary conditions are considered for the analysis of the cylindrical shell.
Model validation
The validity of the finite element model is carried out by comparing numerical results of vibration frequency with analytical, experimental and numerical results obtained from the literature. The first mode shape of the perfect cylindrical shell is depicted in Figure 4 Table 1(a) show the comparison between the results obtained from the literature and the present work and the frequency in the mode shape 1 is within the acceptable limits and thus the model is validated for further analysis. Table 1(b) shows the first order frequencies of perfect cylindrical shell with different element sizes in longitudinal and circumferential directions. In order to assess the convergence of the solution, the model with 32 × 60 elements was adopted. 
Free vibration analysis of cracked cylindrical shell
To investigate the vibration characteristics of a C-C type cylindrical shell with a longitudinal crack, the dimensions and the properties of the cylindrical shell considered and are represented in Table 2 . The effect of crack parameters, such as crack length, orientation of crack, L/R ratio of the cylindrical shell for various rotating speeds is studied. 
Effect of crack length on natural frequency of cracked cylindrical shell
In order to know the effect of crack length on the natural frequency a longitudinal cracked cylindrical shell with zero crack angle and with zero rotating speed is studied considering the effect of the crack length. Figure 6 . The first and second order frequencies decrease obviously as the crack length increases, but the third frequency is hardly affected by the length of the crack. The curve of the first and second order frequencies decrease slowly when the crack size is small, but decrease rapidly when the crack length reaches to 0.2 L. It is also found from the mode shapes that when the frequency decreases slowly, the vibration mode shape of cracked shell is almost the same as the mode shape of perfect shell and it changes slowly. When the frequency decreases suddenly the corresponding mode shapes changes and become localised at the region of crack.
Crack angle is another parameter that may affect the natural frequency of the cylindrical shell. For this reason, the effect of crack orientation on the natural frequency of the cracked cylindrical shell is studied. 
Effect of crack orientation on natural frequency of cracked cylindrical shell
To study the effect of the crack orientation on the natural frequency of the cylindrical shell, a cracked cylindrical shell with a crack length of C = 0.4 L and zero rotating speed is considered. Figure 8 shows the first three orders natural frequencies (non-dimensional value with each order frequency of perfect cylindrical shell) change with the variation of the crack angle. It can be seen from Figure 8 that the first and second order frequencies increase obviously as the crack angle increase, until the crack angle reaches 20º and then these two frequencies are at constant level of around 0.98ω no crack as the crack angle increase. For the third order frequency, the influence of crack angle is small. It can be concluded that the frequency is hardly affected when the crack angle is greater than 20º, however, it will be affected significantly when the crack angle is smaller than 20º. Figure 9 shows the effect of crack size on the first order natural frequency with different rotating speed zero rad/sec, 50 rad/sec and 100 rad/sec. ω no rotating is the first order frequency of cylindrical shell with C/L = 0 and velocity = 0. Figure 9 can be divided into two areas: flat area and steep area. In the flat area, the natural frequency decreases slowly with the growth of the crack length and as the result of centrifugal or rotation stiffening effect, the higher the rotating speed is, the higher the natural frequency. In the steep area, the natural frequency decreases rapidly as the crack length grows and the higher the rotating speed, the higher the rate of change and the slope of the frequency curve. 
Effect of rotating speed on first order frequency of cracked cylindrical shell

Rotating speed vs. frequency for various crack lengths
The relationship between rotating speed and the first order natural frequency of the longitudinal cracked cylindrical shell with different crack lengths is studied. Four crack length curves corresponding to 0, 0.18 L, 0.2 L and 0.22 L, are plotted on the rotating speed vs. frequency graph as shown in Figure 10 . The first order natural frequency of the perfect shell increases with the increase of the rotating speed, which is the result of centrifugal or rotation stiffening effect (Xin and Wang, 2011) .
For a cracked shell, the frequency increases initially as the rotating speed increases as shown in Figure 10 , however, the frequency begins to decrease at certain rotating speed level and finally reduces to zero. The reason for this phenomenon is that the overall stiffness of the cracked cylindrical shell is increased by a small rotating speed. As the rotating speed increases, the stress in the crack zone becomes relatively larger and the local effective stiffness progressively decreases (Xin and Wang, 2011) .
The rotating speed level at which frequency shift occurs depends on the length of crack. From Figure 10 , it is clear that longer the crack is the lower is the rotating speed. The rotating speed-frequency curve will become lower and the area surrounded by the curve will become smaller as the crack length grows. Each curve is divided into two areas: frequency growth area and frequency reduction area. The dividing line of the two areas is ώ = ώ max where the frequency starts to decrease due to high rotating speed. Along with the vibration characteristics, the buckling behaviour is also considered in designing the cylindrical shells. 
Buckling analysis
The effect of crack parameters, such as crack length, orientation of crack, L/R ratio of the cylindrical shell under action the buckling load due to centrifugal force caused by rotation with constant rotating speed is investigated.
Effect of crack length on buckling load
The effect of crack size on the critical buckling load of a cracked cylindrical shell with different length-radius ratio with L = 1,000 mm under centrifugal force caused by rotational speed 30 rad/sec is studied (Xin and Wang, 2011) . 
Case 3: buckling modes of a cracked cylindrical shell with L/R = 2
The buckling analysis result of the cracked cylindrical shell is represented in Figure 14 . Figure shows the effect of crack length on buckling load of cylindrical shell. It can be seen that crack length does affect the local buckling behaviour significantly. The buckling load of the shell with L/R = 2 reduces from 2.4 Ω max to 0.5 Ω max (Ω max is the buckling value of 0.02 L crack shell with L/R = 0.5) as the crack length increases from 0.02 L to 0.5 L. It can also be concluded that the buckling load is lower with lower L/R value, because the centrifugal force is bigger with higher radius (R) when length of cylinder (L) and crack length (C) are constant. The buckling load reduces very quickly with the increase of the crack length up to 0.2 L beyond that point the reduction becomes slower with the increase of the crack length. 
Effect of crack orientation on buckling load
The effect of crack orientation on the critical buckling load of a cracked cylindrical shell with different L/R ratios L/R = 0.5, L/R = 1, L/R = 2 (L = 1,000 mm) under centrifugal force caused by rotation is studied. The crack angle varying from 0º to 70º is considered to analyse the influence of crack orientation on the critical buckling load. The effect of crack orientation on the buckling load of cylindrical shell (Ω max is the buckling load of 0.02 L crack shell with L = 0.5 R and crack angle 70º) is represented in Figure 15 and it is clear that buckling load will increase with the increase of crack angle and it will also increase with the increase with L/R value.
Fracture analysis
The fracture parameters, such as stress intensity factor (SIF) and J-integral are studied considering the crack length and orientation of crack under centrifugal force caused by rotational speed 30 rad/sec is studied (Xin and Wang, 2011) . The dimensions and the properties of the cylindrical shell are represented in Table 2 .
Effect of crack length of a cracked cylindrical shell
The effect of the crack length of the cracked cylindrical shell is studied by using two fracture parameters namely SIF and J-integral as under.
SIF result -crack length
The effect of crack length on the SIF of a cracked cylindrical shell with a length to diameter ratio ( Table 3 shows the SIF result of the three modes of fracture, i.e., tensile mode, sliding mode and tearing mode as K1, K2 and K3 respectively for various crack lengths. 
J-integral -crack length
The effect of crack length on the J-integral of a cracked cylindrical shell with a L/R ratio = 2 is studied with the crack lengths of 0. Table 4 . 
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SIF, J-integral vs. crack length
The combined results of the SIF with the tensile mode (K1) and J-integral for varying crack lengths are plotted on the graph as shown in Figure 16 . The results obtained by the fracture analysis of the cracked cylindrical shell reveal that the SIF increases as the crack length increases. From Figure 16 , it is clear that the J-integral value also increases as the crack length increases and follows the same trend as that of SIF for the tensile mode.
Effect of crack angle on cracked cylindrical shell
The effect of the orientation of the crack in the cracked cylindrical shell is studied by using two fracture parameters namely SIF and J-integral.
SIFS result vs. crack angle
The effect of orientation of crack on the SIF of a cracked cylindrical shell with a L/R ratio = 2 for a crack length of 0.02 L is studied with the crack angles of 10º, 20º, 30º, 40º, 50º and 60º under the action of centrifugal force caused by rotation.
J-integral -crack angle
The effect of orientation of crack on the J-integral of a cracked cylindrical shell with a L/R ratio = 2 for a crack length of 0.02 L is studied with the crack angles of 10º, 20º, 30º, 40º, 50º and 60º under the action of centrifugal force caused by rotation. The J-integral values for the various orientations of the crack for the cracked cylindrical shell are shown in Table 6 . 
SIF, J-integral vs. crack angle
To understand the variation of the SIF result for the three modes, i.e., tensile mode, sliding mode and tearing mode and also the J-integral with the orientation of the crack a graph is plotted for the SIF, J-integral versus the crack angle as shown in Figure 17 . The stress intensity factors K2 and K3 (for sliding and tearing modes) are significantly affected by the orientation of crack. The J-integral value first increases slowly with increasing crack angle but then decrease rapidly. 
Conclusions
From the work carried out on the vibration, buckling and fracture analyses of the cracked cylindrical shell, the following conclusions are made:
• The first and second order frequencies decrease obviously as the crack length increase, but the third frequency is hardly affected by the length of the crack.
• The effect of crack angle on the cylindrical shell is that the frequency is hardly affected when the crack angle is greater than 20º, however, it will be affected significantly when the crack angle is smaller than 20º.
• The buckling load is lower with lower L/R value, because the centrifugal force is bigger with higher R value when L and C are constant.
• The SIF increases as the crack length increases. The J-integral value also increases as the crack length increases and follows the same trend as that of SIF for the tensile mode.
• The crack orientation has less effect on SIF K1 (tensile mode). The stress intensity factors K2 and K3 (for shearing and tearing modes) are significantly affected by the orientation of crack. The J-integral value first increase slowly with increasing crack angle but then decreases rapidly.
The analysis can be extended on the cracked cylindrical shell by taking the temperature effects into consideration and analysing the effect of various fluids in the cracked cylindrical shell in CFD analysis. There is a scope of future work for carrying out fracture analysis for the energy release rate by using virtual crack closure technique (VCCT) in ANSYS. The present work may be extended by investigating for the flow stresses by using computational fluid dynamics.
